Here we describe the synthesis of two specifically labelled carbon-13 isotopologues of cis-2-(4-nitrophenoxy)bicyclo[4.1.0]heptane and their solvolysis reactions in trifluoroethanol. By using 1D and 2D 1 H-and 13 C-NMR spectroscopy we characterized the pathways for the rearrangement of these isotopologues to give 13 C-labelled 4-(2,2,2-trifluoroethoxy)cycloheptene. We show that the initially formed cationic intermediate undergoes a degenerate rearrangement, which does not reach equilibrium before nucleophilic capture of the cation. Moreover, we show that the nonclassical carbocation, cyclohept-3-ene(3,1,4-deloc)ylium, gives an approximate 6:1 ratio of the cis-to trans-diastereomeric 2-(2,2,2-trifluoroethoxy)bicyclo[4.1.0]heptane as reaction intermediates that subsequently solvolyze to the 4-(2,2,2-trifluoroethoxy)cycloheptene product.
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Introduction
Carbohydrates are the major carbon containing biochemical compounds in nature, and are critical components for all living systems. That is, sugar metabolism is central to life and enzymes that add or remove sugar units are found in all kingdoms of life with typically ~2% of genomeencoded proteins possessing this activity. 1 Enzymes that hydrolyze sugars are called glycoside hydrolases (GHs or glycosidases) 2, 3 and these enzymes, which generally catalyze nucleophilic substitution reactions at the anomeric centre, can be either retaining (product has the same anomeric configuration as the starting material) or inverting. 4, 5 Bioinformatics has enabled classification these enzymes into over 130 GH families. 6 Scheme 1 shows the currently accepted mechanism of action for a retaining α-galactoside hydrolase, which involves the formation of a β-galactosyl-enzyme intermediate that undergoes
hydrolysis to yield α-galactopyranose as the initial product.
SCHEME 1 STRUCTURES 1-2
Recently, we reported the synthesis of a new family of glycoside hydrolase covalent inhibitors, such as 1, that were designed as modulators of enzyme activity. [7] [8] [9] These bicyclo[4.1.0]heptyl based mimics of galactopyranosides covalently label an α-galactosidase from a retaining glycoside hydrolase family (GH36) on its catalytic nucleophile (aspartate-327), 7, 8 a process that presumably involves formation of a non-classical bicyclobutenium ion 2. 10, 11 As a result, we are 12 SCHEME 2.
Based on the results from this study, the authors proposed that the initially formed cation 5 
rac-(1R,2S,6S)-(7-13 C)bicyclo[4.1.0]heptan-2-ol (15)
To a solution of rac-cyclohex-2-en-1-ol (0.15 mL, 1.12 mmol, 1.2 eq.) in CH 2 Cl 2 (3.7 mL) was charged ( 13 C)-CH 2 I 2 (0.075 mL, 0.93 mmol) dropwise, followed by diethyl zinc (1 M in hexane, 1.3 mL, 1.3 mmol, 1.4 eq.). The solution was left to stir for 2 h at room temperature and then washed with NH 4 Cl (5 mL), NaHCO 3 (5 mL), and brine (5 mL). The organic extract was dried over Na 2 SO 4 , filtered, and concentrated. Purification by column chromatography (100 % Et 2 O), afforded bicyclo 16 (70 mg, 0.62 mmol, 66% yield).
rac-(1R,2S,6S)-2-(4-nitrophenoxy)-(7-13 C)bicyclo[4.1.0]heptane (7c)
To a cooled (0 °C) solution of alcohol 15 (0.06g, 0.53 mmol) in DMF (5 mL) was charged 1-fluoro-4-nitrobenzene (0.07 mL, 0.63 mmol, 1.2 eq.), followed by sodium hydride (60% in mineral oil, 0.04 grams, 1.05 mmol, 2.0). The reaction was aged for 3 h. The solution was then washed with NaHCO 3 (5 mL) and brine (5 mL), dried over Na 2 SO 4 , filtered, and concentrated. 
Identification of Intermediates and Products During Solvolysis.
In (1,1-2 H 2 )2,2,2-trifluoroethan( 2 H)ol the solvolysis of 7a occurs rapidly at ambient temperatures.
Specifically, we noted that by the time we were able to acquire a 1 H NMR spectrum almost all of 7a had reacted to be replaced by a complex mixture of intermediates and final product. Moreover, after approximately 1 hour the 1 H NMR spectrum had simplified to that of a single compound 4-[(1,1-2 H 2 )2,2,2-trifluoroethoxy]cycloheptene (16a, Supporting Information Figure S4 ).
As a result, we decided to acquire spectra during the rearrangement reactions at a lower temperature (280 K) using a 600 MHz NMR spectrometer equipped with a QCI-cryoprobe.
Specifically, trifluoroethanolysis of the C7-labelled compound 7c showed the presence of four 13 C resonances in the first NMR spectrum acquired after addition of the solvent to 7c (Supporting Information, Figure S5a ). Subsequent spectra accumulated over the course of 60 mins show that the signals at 35.40, 9.74, 8.97, and 7.93 ppm result from 16c, 17b, 17a, and 7c, respectively D r a f t
That the final 13 C-NMR spectrum contains a single labelled compound means that the rearrangement of the non-classical carbenium ion intermediates is not being probed by the 13 Clabelled 7c.
In order to address this problem we made 13 C-labelled 7b. Now, trifluoroethanolysis of 7b
showed the presence of seven 13 C resonances in the first NMR spectrum acquired after addition of the solvent to 7b (Supporting Information, Figure S6a) and 19 (trans-and cis-), respectively (Scheme 6).
SCHEME 6
Of note, following disappearance of 7b the four resonances associated with the cis-and trans- Figure S6 ).
Stereochemical Assignment of Cyclopropyl Intermediates
In order to assign the diastereomeric selectivity of addition to the carbenium ion intermediate we tried to acquire a 1D NOE spectrum during the solvolysis reaction of 7a, but we were unsuccessful. We then decided to acquire a HSQC (one bond C-H correlation experiment) during the solvolysis of 7c (Supporting Information, Figure S7 ). Clearly, the major cyclopropyl trifluoroethyl ether intermediate (δ 13 C 8.97) shows correlations to two protons, while for the minor isomer (δ 13 C 9.74) we could only identify a single unambiguous correlation to a proton, which had a chemical shift of 0.04 ppm (Supporting Information, Figure S7 ). Nevertheless, this correlation allows us to assign the major diastereomer to be the cis-isomer and the minor as the 
Degree of Skeletal Rearrangement Occurring During the Solvolysis Reactions
If rearrangement of the two pseudo enantiomeric carbenium ions (20 and 21) , which are present during the solvolysis of 7b (Scheme 7), is rapid then the amounts of the C1 and C4 isotopic products must be identical. Shown in Figure S9 , 12 while we observe approximately 40% rearrangement in the more ionizing and less nucleophilic solvent trifluoroethanol. Clearly, the rearrangement, the presumed mechanism of which is depicted in Scheme 7, has not reached the expected equilibrium of 1:1 for the two delocalized cations. Thus, we conclude that trapping of the initially formed carbenium ion is competitive with rearrangement to the secondary cyclobutenium cation. We note that it is possible that the rearrangement of these high energy intermediates includes dynamic effects that may perturb the bifurcation energy surface for the bicyclo[3. 10, 11 In spite of these different conclusions, which likely result from the different basis sets used, both papers report that the energy difference between the two cations is small. Therefore, in the absence of additional information we include the cyclobutylium ion 22 as an intermediate in our proposed mechanism (Scheme 7), although we realize that the rearrangement between 20 and 21 might circumvent this cation.
Supplementary material
Supplementary material is available with this article through the journal Web site at http://nrcresearchpress.com. The supplementary material includes 1 H and 13 C NMR spectra for 7a-c and 16a, 13 C NMR spectra of the solvolyses of 7b and 7c, 1 h, 10%. 
SCHEME 5. Scheme for the Solvolytic Rearrangement of rac-(1R,2S,6S)-2-(4-nitrophenoxy)-(7-

SCHEME 6. Scheme for the Solvolytic Rearrangement of rac-(1R,2S,6S)-2-(4-nitrophenoxy)-(3-
